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Preface

During the past year the NRL Advanced Simulation Concepts Theory
Program has focused on extending and improving the non-LTE equation of
state data base, investigating the dynamics of imploding Z-pinches, with
and wWithout a central plasma core, predicting the radiation from ion Dbeam
heated targets, developing a simple K-shell scaling law for conventional
PRS loads, and the preparation of a pulse power primer for the beginner,
The non-LTE equation of state work was devoted to studying the radiation
enrichment of gas puff mixtures, i.e., determine whetner it is possible to
optimize the power radiated by a plasma comprised of two elements, Two
cases were investigated: the optically thin and optically thick plasmas,
respectively. For the optically thin investigation the plasma was composed
of two elements of widely separated atomic number. The results suggest
that the efficient radiation from lower shells of higher-Z elements require
more powerful generators to attain the same conditions as higher shells of
lower-Z loads. A not too surprising conclusion, However, it was shown
that "spectral fill-in" can be obtained by mixtures using appropriate
concentrations of complementary constituents, resulting in smoother photon
distributions in the line spectrum. For the optically thick scenario the
plasma was composed of two elements with adjacent atomic number. Under
these conditions the results show convincingly that the K-shell emissivity
of the plasma can be increased significiantly over the conventional single-
element load. The mechanism that increases the emissivity is that the
opacity of each element is less, allowing more photons out - and twice as
many lines are present in the K-shell region.

Numerical simulations were performed to provide guidance for the gas
puff experiments conducted on the GAMBLE II facility and to determine the
stability of plasma shells during the runin acceleration phase with Double-
Tagle class generators. The GAMBLE II experiments were modeled with the
1-D radiation hydrodynamics simulation code, PRISM, The numerical
simulations compared and contrasted the differences in code results with
and without radiation transport and detailed atomic physics modeling. The
code comparisons yield larger differences than those obtained from a
comparison of the full model and the experimental results. The non-LTE

numerical simulations were in particularly good agreement with the

iv
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" experimental results. On the question of plasma stability during the run-
A SN
S in acceleration phase two issues were considered: first, the amount of

shell mass participating in the unstable configuration and second, the
~,3; magnitude of the growth rate of the instability and how it compares with
B the implosion time. It was determined that about 60% of the initial mass
participates in the implosion to completion and although the back surface
. starts breaking-up, most of the mass remains stable and can become the
source of intense radiation i.e., degradation of K-line radiation is only

B minimally influenced by the instability.

{;: Another area of considerable interest is the examination of stagnating
an imploding gas puff plasma onto a low density plasma for both radiation
enhancement or for use as a fast switch. Application of plasma stagnation
as a fast switch is currently being examined. For the purposes of this
report the process of plasma stagnation is fnvestigated as a source of
= radiation enhancement. The numerical simulations deal with the implosion
of a neon gas puff onto a central neon core. The densities and
temperatures at stagnation over interesting volumes and timescales are
sufficient to suggest the efficient conversion of kinetic to thermal energy
which 1is subsequently converted to radiation. About two-thirds of the
- total plasma energy was converted to K- and L-shell radiation in 100

nanoseconds.

T T e Yy
TR

.jf' Velocity scaling of a radiatively dominated Z-pinch was investigated
using an electrodiffusive model. Preliminary results show that the effect
of the early radiation on the scaling error i{s most acute for the low
current cases. However, the general trend is to reduce the pinch velocity

and narrow the load width. A more extensive study is in progress.

E!%_ Finally, an improved model for evaluating proton stopping power was
.i developed and incorporated into the hydrodynamic response simulation code
ﬁi}f in place of the Local Oscillator Model (LOM). The new version incorpcrates
the results of detailed theoretical calculations of proton stopping cross
® ] sections by Al ions from a Generalized Oscillator Strength treatment of the
‘ projectile target interaction. For neutral aluminum the agreement with the

p

b

b LOM result is good, but predicts smaller stopping power than LOM results
P

t for ionized Al, particularly at lower proton energies and higher charge
2

‘ states. These lower stopping powers result in deeper penetration into the
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target by the proton beam, especially at early times. This causes the rear
side to be hotter and less dense than if LOM stopping powers are used. At
times of the order of a nonosecond, the rear side plasma emission is
greater than the front side; when the LOM is used, the reverse situation
accurs. Hence, the use of different stopping powers can result in marked

differences in plasma emission spectra.

In addition to the work presented in this report there has been a -
number of reports on related activities. They include:
"Imploding Plasma Radiation Sources: Basic Concepts."
NRL Memo Rept. 5392 (July, 1984)
"¥-Shell Yield Scaling Law for Conventional PRS Loads."
NRL Memo Rept. 5406 (Aug. 1984)
"Hydrodynamic Response of a Radiating Al Plasma Excited
Oy a Proton Beam." NRL Memo Rept. 5482 (Dec. 1984).

Copies of these reports are available on request.
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A. Radiative Properties of Puffed-Gas Mixtures: Optically Thin Case

I. INTRODUCTICN

It nas been a major goal of the plasma physics community in recent
ij * years to produce a high-fluence source of soft x-rays (hv> 1.0 keV) 1in the
laboratory. The applications of such a source are numerous: X-ray
lithography, x-ray microscopy, extended x-ray absorption fine structure
(EXAFS) studies, photon-pumped short-wavelength lasers, and X-ray
II vulnerability studies, to name a few examples. In the effort to construct

such a source, several diverse experimental configurations have Dbeen
successfully demonstrated, such as 1laser-target and ion beam-target
interaction, synchrotons, imploding foil liners, imploding wire arrays, and

1-18 .51y on high-voltage,

" gas-puff Z-pinches. The last of these techniques
- pulse-power discharges through a plasma 1load, transforming the low-

temperature material into an imploding annular plasma, accelerated radially

by the current-driven, azimuthal magnetic field to velocities near 107
li cm/sec. The on-axis assembly of the imploding plasma results in

thermalization of the kinetic energy driving it and the subsequent emission

of copious radiation in the soft x-ray band. Due to the electrical

characteristics of these machines (e.g., attainable peak voltage and
u. current, impedance, inductance, and pulse width), much time and effort has
. been invested in matching the appropriate load (be it a foil, wires or gas-
puff) to the generator in order to optimize x-ray emission in the desired
:{{ wavelength regions. One proposed method of enhancing the x-ray yield (as
. well as broadening the spectral region where emission cccurs) is to replace
single-material loads with mixtures., Although little work has been devoted
to study this proposed technique,17 it has been suggested that by combining
materials of low and high atomic number, an increase in either the plasma
temperature or density (or both) during the x-ray emission phase would be
) realized, as compared to that of purely the higher-Z material implosion.
lf Since the desired soft x-ray emission scales nearly as le and up to Teu in

certain regimes (NI and T being plasma ion density and electron

e
temperature), it is hoped that the increase in these parameters would yield

an increment in radiation which would exceed that which was 1ost by the use

Manuscript approved March 26, 1985.
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2f 3 lcwer concentration of the nigher-Z material, thereby enhancing the

~adiative ouLput.

tnls study, 31 theoretical investigation of the radiative proper-

n
ties of multi-material gas-purff Z-zinch plasmas is described. The primary

ool used in this study Is 3 numerical model of plasma ionization
/radiation with the newly-developed capability of treating multi-material
plasmas simultaneousiy and self-consistently. The model, which |is .
! discussed below in more detail, is based on a solution of a set of atomic
'{ ~ate equations characterizing a plasma in collisional-radiative equilibrium
(CRE).18 Parameter studies are presented for mixtures consisting of
various concentrations of helium/argon, helium/krypton, neon/argon, and
I argon/xrypton; the radiative yields are reported as a function of plasma
temperature v maintaining a constant mass density of the mixture. In
order o separate the purely collisional effects on the radiation

2nnancement from photen pumping processes, only optically thin plasmas are

(]

ynsidered here. Tne cooperative effects of collisions, opacity and

~3diatisn transport will be studied in a paper to appear later.

(1. MCDEL DESCRIPTION

a. .nnization/Radiation Model

The basic 1ionization/radiation model has been discussed and

19 and only a brief description

l documented in several previous publications

4111 be given here. A set of atomic rate equations of the form,

: dN,
- —_—= } - 1
- I FWgNg TR W N 1)

are solved for the ground and excited state population densities Ni' where

A,. is a collisional or radiative transition rate from state i to state

.’ LJ
’ j. The processes comprising wij used in this investigation include:
collisional ionization, collisional, radiative, and dielectronic

recombination, c¢ollisional excitation and deexcitation, and spontaneous
radiative decay. As mentioned above, this study assumes the plasmas to be
optically thin, hence, photcionization, photoexcitation and stimulated

emission processes are neglected. The rate coefficients used to describe
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tne plasma atomic transitions are documented in the next section. Note
that this is an investigation of the radiative properties of mixtures in
equilibrium at some nominal electron temperature and ion density. The
combined effects of the radiation and the magnetohydrodynamics (MHD) of the
current-driven plasma mixture are a more complicated issue and will be

addressed at a later time.

In order to treat the dual-component plasma mixture, the set of atomic
rate equations for each material must be solved simultaneously, since the
free electrons due to ionization of both materials are shared in the sense
tnat any electron can collide with any ion. Thus, the electron density for
a given temperature and fixed total mass density will lie between that of
the pure lower-Z plasma and the pure higher-Z plasma, and is given by,

] '

N, = f ZN, % Z, N (2)
where Z. and Zi are the charges of state i in material 1 and material 2 (of
course, the level structure of each material employed in the model may be
different). Since the electron density occurs in wij (via both 2-body and
3-body processes), the set of equations is highly non-linear and is solved

numerically using an iterative predictor-corrector scheme.

The plasma radiative yield is comprised of emission via three atomic

mechanisms: (i) 1line vradiation from bound-bound transitions, (ii)
recombination radiation from bound-free transitions, and (iii)
bremsstrahlung emission via free-free interactions. At densities and

temperatures typical of most plasma implosions on the largest pulse power
generators presently configured for gas puffs ("BLACKJACK V'" at Maxwell
Laboratories, "PITHON" at Physics International, "SHIVA"™ at the Air Force
Weapons Laboratory, "PROTO II" at Sandia Laboratories, and "GAMBLE II" at
the Naval Research Laboratory), about 0.5-2.0 keV at ~1019 ions/cm3, the

20,21 For this

largest fraction of the total radiation is emitted as lines.
reason it is necessary to take into account all of the strong lines emitted
in this temperature range to accurately determine the yield. The level

structure employed to accomplish this is described below.
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0., Atomic Datia

A critical factor affecting the integrity of 2 radiation
calculation is both the accuracy and completeness of the data base used in

the 1ionization/radiation calculation. This includes tne l1level energi

(1]

S,

rate coefficients and the number of excited levels of =ach ion that

w

re
retained in tne model. This investigation included studies with the first
four noble gzases: nelium, neon, argon, and krypton. Since they vary in
atcmic number from 2 to 36, and the temperature range of interest was neld
~elatively constant, ifferent level structure was reqguired for each
material. Helium was assumed to be [ully ionized at temperatures abcove 109
2y and, nence, only the Ddare nucleus and two free electrons are free to
interact. No detailed level structure was therefore needed for nelium.
Neon Will most lixely be stripped of its L-shell electrons above 1C0 eV,
nence, 2xcited Level structure was retained for the liwalumlike,
neliumlike, and Aaydrogenlike ions. Argen will have lost its M-shell
glactrons 3t 100 ev,M so structure was included for Ar IX-Ar XVIII
(neonlike tarcugh hydrogenlike). Krypton, on the other hand will not be
stripped down to tne L-shell electrons until about 1.0 kev.20 Since at

present We have modeled tne excited level structure in krypton only down to

Kr AXVI (sodiumlike ion) we cannot conduct meaningful calculations of total

radiative yield below temperatures of 500 eV. However, for our purposes,
Wwe are predominantly interested in photon emission above a kilovolt; since
the M-shell ions emit lines below about 900 eV and L-shell ions emit most
iines {An21) above 1.6 keV, all of the relevant line emission is included
in the model. A list of the energy levels included in the model is given in
Taple I; tne same structure was used for both argon and krypton, while only
the 1-, 2-, and 3-electron systems apply to neon. All ground states were

included for each of the three materials.

The 1level energies and radiative decay coefficients for the level
structure in Table I were calculated using the Hartree-Slater atomic

2
structure model written by R. Cowan.“2

Since this c¢ode provides
information for Individual j-levels, significant averaging over j {and
oftentimes ) was necessary to obtain energies and Einstein-A coefficients
for the structure given {n Table I. giectron impact excitation is

cailculated by a number of techniques and a short discussion of these

e e T e W ¥R TETAT T T T YT, T et
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follews. In the case of «krypton, a complete set of collision strengths
calculated 2y Bhatia and Feldman23 in the distorted wave approximation were
used to generate the rate coefficients for the An=0 transitions in L-shell
ions., The rate coefficients for K-shell and lithiumlike transitions in
argon wWere calculated using the method of distorted waves described bhy
Blaha,zu whil2 those for neon and krypton were calculated using the
Zoulomb-3orrn scheme in intermediate coupling described by Sampson and co-
workers.25 The screening constants (both direct and exchange
contributions) used in this calculation were obtained via direct
comparisons With the argon distorted wave results., The transitions
coupling the n=1 and n=2 levels in the heliumlike ions of neon and argon

1.26

WJere taken from the results of Pradhan et a Wwhicn include the effects

>f autoionizing resonances. The rates for sodiumlixe krypton were taken
27 wnile those for
28

from the distorted wave calculations of Blaha and Davis,
neonlixe krypton have been calculated by Reed and Hazi. Rate
coefficients for carbonlike, boronlike, and berylliumlike argon were also
c3alculated using 3laha's distorted wave model. All other rate coefficients
not obtainable by more sophisticated means were calculated using a code
deveioped by Davis29 based on the semi-classical impact parameter
technique; the oscillator strengths calculated using the atomic structure
code Were used as the input, and bound-bound Gaunt factors were calculated
directly. The rate coefficients for the remaining c¢ollisional processes

re ldentical to those used in previous investigations and the details of

[¥)

IS

he calculational methods can be found by consulting Ref. 18.

<

[II. RESULTS

a. Density Scaling

As was stated earlier, no attempt was made to account for the
dynamics of the imploding plasma in tnis study, nence, the radiation/
icnizatinon calculation took electron temperature and the density of each
constituent as input variables. In this sense, the predicted radiative
yields in a glven spectral range are representative of only tne hottest,

most dense part of the pinched plasma, along the axis of the initial gas

annulus. orevious MHD simulations3o indicate that surrounding the hotter

LI Bt

=Y




piasma are colder, 1ess dense plasma regions characterizea 3y large
temperature gradients. Since the ions found in these ccoler regions emit
radiation at frequencies below the range of interest here, it will suffice
t> negzglect trese regions and treat only the notter plasma. The peak
2la2ctron temperatures attained in these plasmas ususlly vary aczeraing to
“ne 3ize of tne pulse power generator and the initial gas prassure,
dowevar, the range of interest I3 typically tetween 300 eV and 2.5 «eV,

therefore, we limited our parameter study to this region.

sour different gas mixtures were studied feor radiation enhancement:
nesn/arzon, argon/krypton, helium/argon, and helium/krypton. The spectral

ranges of interest were above 900 eV for neon {(X-shell emission), above 3.0

«ey for argon {(X-shell emission), and abtove 1.5 keV for xrypton {L-shell
emission,. Helium emits only lcw-fluence bremsstranlung ia these spectral
~anges and was therefore neglected in the yield analysis. We conducted the
parameter 3tudy Dy varying tne concentration of the gases in eacn mixture
for a number of relevant temperatures. The present level of understanding
of gas-puff implosions dictates that when varying the concentrations of the

mixture gzases, one should nold the total mass density of the mixture

constant in order to maxke fair ccmparisons of the yield. In this way, as
the concentrations vary, the same mass wWwill be accelerated, presumably
attaining tne same temperature at assembly. Thus the 1ion density of

constituent 1 {3 ziven by

Ty
N, = _ (3)
L SR =)
1 2 Y a
in ! %nat :f constituent 2 by
My
N, = (u)
2 Lo (2 ) + A
T " 1-g "2

snere m o 13 th2 mass Jensity in amu/cm3, A, and A2 are the atomic weights

=2 oonstituents and o 1s the lon number concentration of constituent

S ox o=, M, o+ Nvi. The mass density was neid fixed at 2x1049 amu/cm3
- . . 19
AnLon 13 cummensurate Wwitn oa density of 10 9 LDHS/sz for a pure neon

2.315ma. This corresoponis approximately to tne densities determined from

3pect~al anralysis of X-3rell 2mission on the Blackjack Y machine, although

\
J
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Zo 4 ,/ NEON/ARGON
¥y hv = TOTAL

/
1} I’/

10 1 1 | |

0 20 40 60 80 100

% CONCENTRATION ARGON

Total radiation versus argen concentration for neon/argon

mixtures; solid curves are argon + neon, broken curves are the

argon a:ane.
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ARGON/KRYPTON
hv > 1.5 keV

T

=
~
~

0 20 40 60 80 160
% CONCENTRATION KRYPTON

Line radiation yield (hv > 1.5 xeV) versus krypton concentration
for argon/krypton mixtures; solid curves are argon + krypton,

oroken curves are the xrypton contribution.
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NEON/ARGON
hv > 0.9 keV

logyo YIELD (W/cmd)

0 20 40 60 80 100
% CONCENTRATION ARGON

Tig. 2. Line radiation yield (hv > 0.9 keV) versus argon concentration

for neon/argon mixtures; solid curves are argon + neon, broken

curves are the argon contribution.

18

TR PRI, L S W, U



*(utyly £11ro¥3do)
mso\m:ow w_oa Jo Aqisusp e 1qe Soull-T uoidLuy pue ‘saulTl-) uocfue

fCBULT-Y UuOdU JoJ dJniededwiag u0Jdl021d SNSJSA PISTA uoljeiped 3UTT]

.,.5
(AM) °L
oL o
' 6
(Ne% 60 < ay) Ol
Y¥-NO3N
(A3 € < 1Y)
W-NODHV 1,
A>0v_ m.—. < >F: MEO\WCO_ w_.o—. —_ _z
T-NOLdAY
r4}

17

(W2 /M) aT3IA 6o



c v ST Te

- ¥

Ml Rl i A S

PRI A Al Sl

T

L R i\ A

ek S e

w

L2t nd- S Ak Nadh - Sada ]

-

1 _

BL°7 e e 00°7 L9°1 YA 00°0 uojdAxy
00°0 Lc°¢ 00°8 0°ST 8°te 0°0¢s WNTIoH % #
00°¢ g6y LS°¢ £9°¢ LI 00°0 uoday
000 GG €91 L°€T 8'ce 0°0¢ unyyay ¢ #
8C°C 19°1 0¢8°0 0s%°0 LET°0 00°0 uo3dAay

00°0 19°1 8Z°¢t S0°Y 0s*% 00°s uoday zZ #
00°S £e’e L9°T 606°0 9L%°0 00°0 uoday

00°0 gLt £9°9 B1°8 S0°6 0" 01 UooN T #
2001 A %£0¢ 401 %S %20 SANIXTH

td -

(0 - 1) ININLILSNOD Z ¥IHOIH IHL 40 NOIIVIINIINOD

"¢ WID/SUOL g7OT X dTe S)U[)
"$3IPNYS 2INIXTW 3Y} UI Pasn SUOIILIJUIIU0D 3y} 03 Burpuodsariod salyIsuap uo) — [ alqe],

16

«
ta

~ .
. ll( L]




- Catiic A St AN Al

Rkl - Sai W il N 4N

S T DR it “Mir

P

AR g i aiE M A S AN AR A

Table 1 (Cont’d) — Atomic level structure used in the ionization/radiation model for neon,
argon, and krypton (only the krypton model has Na-like excited levels).

Li-like

15225

2p
3s

3d
49,
52

He-like

1s2 (ls)
1s2s (35)
1s2s (15)
1s2p (3p)
1s2p (lp)
1s3¢ (L)
1s32 (IL)
1s4g

1s52

1

H-1like"-

ls
22
32
49
52

NP RS S

(< TN AC TN « N o

10
32
50

18
32
50
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Table I (Cont’d) — Atomic level structure used in the ionization/radiation model for neon,

argon, and krypton (only the krypton model has Na-like excited levels).

N-like

1s%2s22p3 (%s4,,)
2522p3 (ZD)(ZPl/z)
2522p3 (Zp5,)
2s2p% (%p)
2s2p% (?D)
252p* (%5150 (%py9)
252p% (%21 /5)
2p> (%p)
2322p232
252p332
2s22p24g
2s2p348

C~1like

lsZZSZZpZ (390)
2s%2p% (3p))('ny)
2s22p? (3py)(ls))
252p3 (3s,)
2s52p3 (3p)
252p°(%p, 1)(1D) (%)
2523 (3p,)(te))
2p* (SPo,z)
2p% 3ppyctoy
20" (154)
2s22p3
252p232
2322p41
2s2p2in

12

12
10

270
720
480
1280

wi v O

15
12

108
540
192
960

B-1like

1s22522p *2/5)
25%2p (%pq,)
252p2 (AP)

2 (*p)(%py )

252p% (25)(%pq,5)

2p (*s)

207 (%) (%pyy)

20> (%ey/9)

25232

2s2p(1/2)32

2s2p(3/2)3¢

23241

2s2pby

2s2p

Be-like

152252 (1s,)
2s2p (3p)
2s2p (*p)
2p2 (32)
202 epy(toy
2p? (3py)(lsy)
2s3s/3p
2s3d
2p(1/2)3g
2p(3/2)3s,
2s4¢
2p4yg

14

12
12

NS~

&

18
82
134
32
384

192
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Table I — Atomic level structure used in the ionization/radiation model for neon,
argon, and krypton (only the krypton model has Na-like excited levels).

F-like
1s22522p° (2p) 6
252p® (2s) 2
Na-like 2522p433 30
. 2s22p%3p 90
1522522p03s 2 2s22p%34 150
3p 6 252p°3s 24
34 10 252p°3p 72
4s 2 2s52p°3d 120
4p 6 2s22p%4g 480 \
4d 10 252p4z 384 |
4E 14 2s22phsg
34 30 252p75¢ 150
62 72 26220461
5 } 1944
Ne-like 2s2p76
O~like
1s22s22p% (1s)
ZszZp:3s (3/2) 1s22622p% (3p,)(ls,) 6
e i
p
o 2s22p°3p (1/2) 12 zs 2? ; "o :
L 2,5 s2p_ (B ’
2522P53d (3/2) 40 252p5 (1p1) 3
= 2s22p°3d (1/2) 20 208 (1s) L
- 252p63s 4 2,3 °
] o . 2s 2§ 3z 360
A 252p83d 20 Zsip 32 o
o 2522p542 192 25 25 o oo
i;* 2522p55¢ 300 2ezpin %0

& 2s22p>62 432
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Ep = 2 (1 +2) N KT, (5)
Because the average Z for reaching the krypton L-shell (26) is greater than
that for argon X-shell (16), more energy is required to attain the same
temperature. Second, some of the kinetic energy is converted to potential
energy via ionization of the plasma ions to the appropriate elzctron
shell. To reach the argon K-shell requires only about 5.9 keV/ion of
ionization energy, wWhile to ionize krypton to the L-shell requires 12.65

xeV/ian. Third, it has been shown3'

that to effectively "burn through" an
2lectron she2ll is not a simple matter of supplying enough energy for
ionization. Collisional excitations and radiative decay occur on a time
scale several orders of magnitude faster than collisional ionization;
nence, radiation 1loss during the ionization phase must be taken into

account, and the actual energy required is given by
Z
E=8 +3 [ P (T (c)) at (6)

Ahere EI i3 ionization energy and PRZ i3 the radiation loss of ion z. Just
as the radiative cooling rate for the krypton L-shell exceeds that of the
argon K-shell, (see Fig. 1) the krypton M-shell cooling rate exceeds that
of the argon L-shell, Thus, efficient radiation from the lower shells of
nhigher-Z materials may necessarily require more powerful generators to
ittain tne same conditions as higher shells of lower-Z loads.

Finally, it was shown that "spectral fill-in" can be obtained by
mixtures using appropriate concentrations of complementary constituents,
resulting in smootner photon distributions in the line spectrum. However,
it may be necessary to carefully tailor the temperature gradient in the
dense plasma to allow all the relevant ions to contribute to the broadband

emission spectrum.

12
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continuous 1line emission from 0.9 to 4.0 keV. In fact, at plasma
temperatures below 600 eV, the argon L- and krypton M-shell emission would
£ill in the spectrum below 0.8 keV, as well; it would take very careful
tailoring of the load and generator characteristics, however, to maintain
an imploded plasma with a temperature gradient ranging from a few hundred

electron volts up to 2.5 keV!
IV. CONCLUSIONS

An investigation of the radiative yield of puffed-gas mixtures has
been initiated in which the temperature and concentration effects have been
studied. The main result of the simulations is that the yield of the
mixtures is always less than one can obtain by using one or the other of
the constituents in pure form. Consequently, the only hope of producing
enhanced emission via this approach would be if the plasma mixture attained
a higher temperature, higher density, or increased mass participation than
that obtainable from the pure constituents (earlier experiments on a lower-
power machine have indicated some evidence of temperature enhancement using
mixtures). Although that study is the next step in our investigation of
radiation enhancement, and requires a combined radiation/hydrodynamics
model to characterize the plasma dynamics, some general statements can be

made regarding the radiative performance of the load.

Essentially, the goal of maximizing the photon yield is attained by
efficient conversion of kinetic energy of the imploding plasma to
radiation. In general, the hotter and denser the plasma becomes the
greater will be the yield, although the temperature dependence is subject
to the problem of burn-through of the atomic shell structure. This is
easily overcome, however, by going to higher Z materials. In fact, it has
often been suggested that one can obtain more emission in, for example, the
hv > 1.5 keV range by going to the krypton L-shell as opposed to the argon

. K-shell. From Fig. 1 it is obvious that if the plasmas can be made to
implode to the same temperatures, densities, and sizes, the krypton plasma
radiates at a much higher power level than argon. However, t£t0 obtain the
same conditions in both plasmas requires more energy for krypton since a
number of obstacles must be overcome. First, some of the plasma kinetic

energy is converted to thermal energy.

11
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significantly harder in the mixture than in ¢the pure krypton case.
Presumably, one could then infer that much hnigher temperatures were
attained in the mixture than In pure krypton. Due to the 1low
concentration, the xrypton ion density was down from 3.5 X 1019 cm'3 in

pure krypton to 2.7 X 1017

in the mixture, and, hence, so was the total
yield, from about 250 Joules down to 110 Joules {(most of the photons were
of hv < 400 ev). The interesting question that emerges 1is whether
significant temperature increases can still be maintained at krypton
concentrations of 5% or greater. As seen in Fig. 6, if the plasma
temperature i1s below 1.0 keV, an increase of only 100 eV can greatly
enhance the yield of photons above 1.5 keV. Thus, smaller generators may
be able to enhance the production of krypton L-shell 1lines by using
helium/krypton mixtures, The same situation would apply to argon K-lines
(see Fig. 5) if the temperature enhancement was evident in mixtures of

helium/argon.
¢. Spectral Enhancement

Another advantage of using gas-puff loads comprised of mixture is
the so-called "spectral fill-in" phenomenon. By clever choice of
complementary constituents, the natural "gaps" between different electron
shell emissions that appear in the line-dominated spectra of imploded Z-
pinch plasmas can be eliminated. This produces a smoother distribution of
photon energy over a given frequency range which is advantageous for a
number of applications of the radiation source. Note, for example, the way
the L-shell emission from krypton and the K-shell emission from argon
combine in Fig. 7 to provide almost continuous line emission from 1.6 keV
to 4.0 keV, The spectrum in Fig. 7 was generated by assuming a steady-
state temperature profile from 1.0 to 2.5 keV exists in the puffed-gas
implosion. This is a necessary requirement in order to obtain radiation
from all eight ions in the krypton L-shell; the two argon K-shell ions, on
the other hand, radiate over a wide temperature range (see Fig. 1).
Simiiarly, in Fig. 8, a neon/krypton mixture can be used tc obtain line
emission from 0.9 keV up to 2.8 keV with the appropriate concentration and
temperature conditions (approximately 10:1 neon to krypton at about 1

keV). Conceivably, one could mix neon, argon, and krypton to obtain
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of higher temperature or higher density, or more mass to participate in the
implosion as compared to the pure substances. These possibilities will be

discussed in more detail in the next section.

Although the main emphasis here has been on photon energies above a

kilovolt, for the sake of completeness, the total yield is shown in Fig. 4

for necn/argon mixtures. Again, the total is the solid lines while the

. broken curves represent the argon emission. Qualitatively, Figs. 2 and U4
and very similar in their behavior. Quantitatively, we see that the lower

temperatures produce mcre argon yield than the higher ones up to 2 keV,

#here the X-shell emission begins to peak (see Fig. 1). This is due simply

to the fact that, at this density, the L-shell of argon is a more efficient

radiator than the K-shell (see Ref. 18 for a complete discussion of L- and

X- shell competition for photon production as a function of density).

The last two mixtures studied were helium/argon and helium/krypton.
The results of these mixed loads are shown in Figs. 5 and 6; here, the
solid lines represent the total radiation from the higher-Z constituent
while the broken 1lines indicate the soft x-ray component (no helium
emission Is shown since that constituent is fully ionized). Since helium
is such a light ion, the total mass of the mixture is almost all due to the
higher-Z material at even rather low concentrations (see Table II). Thus,
the yield curves rise quickly in Figs. 5 and 6 to values approaching the
maximum at concentrations of only 20%. 1In fact, only a 5% concentration of
the higher-Z constituent gives a yield which is down by only a factor of

two from the maximum. Once again, the same message is communicated by the

graphs: no radiation enhancement i3 possible over that of the pure gas

load by wusing a helium mixture unless the lower concentrations can be

.,y
O A B

imploded to higher density or higher t{emperature,

Ty

LA A

W B
Y W TR I

In an experiment on a smaller generator (5 kJ at 30 kV), Bailey17

reported on yield measurements for pure helium, helium/krypton mixtures,

and pure krypton where the ion number concentration of krypton was kept at

wer Yy

1.5% for the mixture. The most significant observation was a large

increase in the total emission over that of pure helium. Measured electron
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yields shown in Fig. 1 scale with density approximately as NI2 since the
relevant ion ground states are close to coronal equilibrium at the
densities commonly =ncountered in gas-puff Z-pinches, Note that while the
argon X-shell and «rypton L-shell line emission are both near their maxima
in the temperature range of 2-5 keV, the neon and argon will not emit
strongly together at the same temperature in the photon energy region of
interest, intimating that argon/krypton mixtures may be better radiators.
On the other hand, based on past performance of the large pulse power
generators, it is not clear that plasma loads can be heated in bulk to
temperatures much above 2 keV. Thus, actual radiative performance of the

two mixtures may not differ significantly in actual machine conditions.

Considering now the radiative output of the mixtures, the results are
presented as the yield (in the relevant photon range) as a function of ion
number concentration of the higher~Z constituent for several temperatures
spanning tnhe operational range of the machines,. The results of the
neon/argon study are shown in Fig. 2 for hv > 0.9 keV; the solid lines are
the neon plus argon output while the output of argon alone is depicted by
the broken lines (thus, both curves at the same temperature merge at 100%
argon concentration). In Fig. 2, it is shown that the neon radiation falls
off above 500 eV; this explains the behavior of the yield with temperature
at 0% concentration of argon. Conversely, argon yield rises with
temperature above 500 eV, explaining the cross-over of the solid curves.
As expected the argon emission rises rapidly with concentration and
asymptotes with the neon + argon curve, The main point to be emphasized
from Fig. 2, however, is that no possible mixture of the two constituents
results in a soft x~-ray yield which exceeds the larger of the two pure
yields. Stating it another way, under the assumption that all loads of a
fixed mass of two constituents will implode to the same temperatures, there
appears to be no way to enhance the yield of a load by using mixtures above
that which could be obtained from one or the other of the pure
substances. This conclusion is verified in Fig., 3 for argon/krypton
mixtures (with hv > 1.5 keV), where very similar behavior of the yield with
concentration is seen. This is a rather unexpected result from the point
of view of radiation enhancement of superkilovolt photons using mixed
loads. Of course, the gas mixture may still be shown to affect the

implosion dynamics in a positive way, such as allowing either an attainment
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densities of 2-5 x 1019 are not uncommon for high-yield shots. Having
ixed the total mass density, the actual ion densities used in the

calculation are given in Table II for the concentrations analyzed.

At this point, it may be worthwhile to point out that this strategy of
parameter variation may differ from actual experimental procedures. In the
laboratory it 1is common to obtain cylinders of gas mixtures at fixed

» concentrations, and, by varying the diaphragm diameter on the fast-opening

valve of the gas-puff nozzle, study the radiation yield as a function of
initial mass density. The reason for not adopting tinis technique is due %o
our stationary equilibrium model. Varying the initial mass of the load
Wwill likely alter the implosion dynamic¢cs and, hence, the final temperature
and density. Thus, a meaningful calculation of the load performance would
require complete modeling of the flow effects which is beyond the intent of
this paper. However, we plan to eventually couple the radiation/
ionization/mixture model to a 1-D MHD code for the purpose of assessing the

cooperative radiative-hydrodynamic effects on radiation enhancement.

b. Radiative Yields

As was discussed in the previous section, the radiation output of
the mixtures was calculated as a function of the electron temperature and
constituent concentration for fixed mass density. Two radiative yield

measurements are of interest: the total radiative output, and that above a

&:~ spectral cutoff energy, 900 eV for neon, 1.6 keV for krypton, and 3.0 keV
L::. for argon. Thus, the yield above cutoff will be the spectral output at
:ﬁ: about a kilovolt and greater, since no strong krypton lines occur between
i; 900 and 1600 eV and no strong argon lines occur between 900 and 3000 eV.
2 Studies of radiation enhancement via mixtures at photon energies below 1.0
keV require different experimental configurations and are not considered in
optimum conditions here. In order to acquaint the reader with the
! temperature variation of radiative yields for pure gases, the optically
:’- thin power densities for (a) neon K-lines (hv > 0.9 kev), (b) argon K-
. lines (hv > 3.0 keV), and (¢) krypton L-lines (hv > 1.6 keV) are shown in
E{ Fig. 1 for a fixed density of 1018 ions/cm3. This figure will be very
ﬁ useful in explaining the variation in yields from the mixture gases as the
| electron temperature of the mixture is increased. The line radiation
o
7 7
o
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HELIUM/ARGON

Te = 0.3 keV

logyp YIELD (W/cmd)

/ hv>3.0keV = = =~
// hv = TOTAL
10 | 1 L ]
0 20 40 60 80 100

% CONCENTRATION ARGON

Fig. 5. PRadiation yield versus argon concentration for nelium/argon
mixtures; solid curves are total radiation, brnken curves are for

hv > 3.0 keV.
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B. Modeling of K-Shell Yields

I. INTRODUCTION

It nas long been a DNA goal to maximize the K-shell x-ray yleld
obtained in plasma discharges created with pulsed-power generators sucn as
BLACKJACK 5 and PITHON. During FY85 important strides were taken in both

comprenending previous results and in new concept development.

4 key achievement in assessing the contributory Ffactors to previously
obtained X-shell yields and projecting the yields expected from future,
hi gher-power machines, is described in the attached NRL Memorandum Report
No. 5406, "K-Shell Yield Scaling Law for Conventional PRS Loads.” This

report i3 self-explanatory and requires no elaboration here.

We have also performed a detailed, quantitative assessment of the
possibility of yield ennhancement tnrough use of optically thick mixtures of
elements with similar atomic number, and find the concept to be very
oromising. In a similar study of optically thin mixtures, discussed
alsewnere in this report, it was found that no yield increase was possible,
but the spectral distribution could be tailored to the needs of the

simulation by employing elements of widely divergent atomic number.

The present study is concerned with a considerably different mixture
scenario: the plasma is optically thick and the atomic numbers very
close. In this case, opacity effects do influence the total yield at the
expense of spectral filling since the spectral lines from the various
3hells of the two elements lie fairly close in energy. As seen below, the
effects produced by this type of mixture differ considerably from optically

tnin mixtures of significantly different atomic number.,

Ae consider sodium and neon ions, mixed in varying ratio, and heated
to temperatures at which tne helium and hydrogen-like ionization stages are
by far tne dominant species. The choice of sodium and neon 1is of
significant interest not only because of the close atomic numbers, but also
because the Na X 132

Ne IX is©

-1s2p'P line at 11.0027 A virtually coincides with
—1shp1? at 11.0003 A. Therefore, the effect of direct overlap of

nigh-opacity spectral regions may be ascertained.

27




Y
-

N
-
o

L

FRCRE R SR

St St it it ity Shi wad St St bl o e e, s i i i SR Sl Pl A

The temperatures and densities attained in a pinch with a given
current-voltage pulse are largely dependent on the plasma mass which is
accelerated. Therefore, 3 reasonable comparison of the radiative
emissivity of a mixture with that of a one-element plasma may be made by
nolding the mass density constant. Since sodium and neon have nearly the
same mass, 1in the cases presented Yelcow we have kept the total ion density
constant while varying the sodium/neon ratio, to remain reasonably faithful

to the prescription for a meaningful comparison.

For a plasma of a given size, total ion density, temperature and
sodium/neon ratio, we solve for the level populaticns and emitted
radiation. The plasmas, which persist for tens of nanoseconds, are assumed
to be in collisional-radiation equilibrium (CRE), that 1is, the level
populations reach values which permit them to be in a steady-state
consistent «ith the other level populations, atomic rates, and the ambient
radiatisn f{leid. To perform this calculation the critical elements
required are the atomic level model and rates, and a radiation transport

algoritnm whicnh accounts for two-element opacity overlap.

We consider only scdium-neon plasmas of such temperatures and
densitiess that tne K-shell dominates the ionic species. Hence, only ground
states are carried in the model for all stages btelow lithium-like. For the
lithium-like stages, the 15225 2s (ground), 1522p 2P, 13233 23, 1523p 2P,
1523d °p, 1s?4L and 13252 levels are included. The helium-like stage
carries, in addition ﬁo the ground state, the 1s2s 3S, 1s2s TS, 1s2p 3P,
1s2p 'P, 1s3% 3L, 1832 'L, 1s4R, and 1s5% levels. The hydrogen-like levels

include n = 1 through n = 5,

The atomic processes populating and depopulating the levels are:
spontaneous radiative decay, electron collisional excitation and
deexcitation, <collisional 1ionizatinn, 3-body, radiative, and dielectronic
recombination. The continuum is optically thin in these plasmas; hence
onetoionization {s neglected. Line photoexcitation 1is calculated by a

self-consistent radiative transfer model.
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a. K-Shell Output of Optically Thick Mixtures

Calculations have been performed for a variety of assumed plasma
conditions to determine the total K-shell resonance line power as a
function of the sodium/neon ratio. In each case a cylindrical plasma of
i2ngth 4 cm of fixed total (sodium plus neon) ion density is assumed. The
temperature, diameter, and sodium/neon ratio were varied, and the results
are summarized in Fig. 1 and Table I. In Fig. 1 the K-shell power output
in J/nsec is plotted as a function of the fractional abundance of sodium
ions for a variety of plasma conditions. Note that generally the power
output (equivalent to K-shell -emissivity) peaks at a sodium ion
concentration of 50-75%, and that the emissivity in some cases
substantially exceeds that obtained either for pure necn or for pure
socium. The effect is more pronounced as the line opacity of the plasma
(roughly proportional to the product of ion density and diameter)
increases. Therefore, the K-shell emissivity of an opaque plasma mixture
may exceed that for either element alone for similar atomic number
2lements. The precise nature of this effect is illuminated in Table I,
where the power outputs for sodium and neon Ly a and He a (152*152p1P)
lines are given for various plasma conditions. These two lines usually
account for more than 65% of the K-shell power. Were the composition of an
optically thin plasma to be changed from phre neon to 50% neon, for
instance, the 1line power output would decrease by 50% - ignoring small
changes in the electron density due to sodium. However, inspection of the
table reveals that the neon lines' output never drops by as much as 50% and
in fact usually drops by only about 20%. The one exception is the least
opaque plasma of ion density 1019 cm'3, where the Ne IX He a power drops by
nearly 40%. In this least opaque plasma the Ly a optical depth is =~50.
The same effect exists for sodium. The change of the photon output is due
to opacity effects. This results in the greatest emissivity occuring for
an intermediate mixing ratio of sodium-to-neon, where there are twice as
many lines radiating as in the pure element case and the optical depths of

the radiating lines are smaller than for the pure-element case.
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b. Radiaticn Physics Zontrcolling Power Cutput

In analyzing the transfer of line photons in laboratory plasmas, the

l foriiowing conceptual picture i3 orften useful. A line photon is "created”
wnen the upper level ¢f “the transition is c¢ollisicnally populated and then

d2cays raagiatively. Sollowing its c¢reation in an optically thick plasma

tne pnoton wilil generally be reabsorbed and reemitted a considerable number

. of times before being quenched or ultimately escaping the plasma. During

(Y

ach reatsorption there (s a finite pgrovability PQ that the level will be

cllisionally 1tegnpulatad and tne line ghoton destroyed. This probability

[¢)

PQ is given by 2/(D+A) where D(se2'1) is the sum of ¢the c¢ollisional rates
l cut af tne upper wransiticn level times the electron density and A is the

spontanecus decay rate for the line. Following its initial collisional

creation tne photon W&ill aitimately suffer one of two fates: destruction

Sr 2ventual e3czape {rom the plasma. We denote the probapility of eventual

=23cape oy P ; tne probability of escape on any single flight is given by
b . The juantity Pu may be obtained by considering the condition for a
steidy-stat2 population N of tne upper level. Letting C stand for the
2o l1sicnal ¢reaticsn rate this condition is

K 3

C =N (D+APe) {cm”/sec) (1)

. where in Eq. (1), radiative reabscorption of the line photon is taken into

- aacount by diluting the decay rate by the single-flight photon escape

l probability. Even in a uniform plasma, Pe varies with position - Eq. (1)
is intended as spatially averaged approximate description of the photon
transfar. Afrer a few simple manipulations, Eq. (1) yields, taking into

D/(D+A),

account tnat P.
-

NAP P (1-P)
~ -

e
+ (’.-P,\)Pa : (2)
« e

. C PQ

However, the left-nhand-side of Eq. (2) is the total photon emission rate
djivided by the total upper level excitation rate; that is, precisely the

ultimate escape probability. Therefore,
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in this approximation.

In Figs. (2) and (3) we have plotted =ne juantizies ?,, P., ancd

- -

P=(1—PQ)/[PQ+(1—PQ)PQ] vs. sodium ion density and diameter, respectively.

J

.

Tnese parameters are displayed for the Na X 1s“-132;z ? line fzor a

1.4 mm. Fig. 3
. - ) . . . \2C -3

reflects calculations {.r a fixed sodium ion density >f 1J cm . P, and

temperature of 400 eV and, for Fig. 2, a fixed diameter of

@D

?Q are obtained from Voigt profile formulae and the atomic rates, resgec-
tively. The accuracy of the spatial-average approximation is indicated in
both Figs. 2 and 3 by also plotting Pu as numerically c¢alzulated from the
actual computed line photon output power. As is obvious, excellent
correspondence is obtained with the probabilistic, spatial-average
approximation of Eg. (3). This is especially significant in light of the
fact that even though the plasma temperature and density are assumed
spatially uniform, the presence of a boundary guarantees a signficant
degree of nonuniformity in both the photon field and the spatial profile of

the level populations.

The important feature of Fig. 3 relevant to the mixture emissivity is
the Dbehavior of Pu with respect to opacity. Optical depth varies
approximately linearly with plasma diameter. The electron density in a
sodium-neon plasma is very nearly constant with sodium/neon mixing ratio
provided the total ion density 1is constant. Therefore, halving the
diameter of a pure sodium plasma would lead to an increase in Pu very
3imilar to that which is obtained by comparing a pure sodium plasma to one
of the same ion density which is half sodium, half neon. The profile of

Fig. 3 lindicates that P_ ~ 1-1/2

for optically thick K-shell scodium
plasmas of ion density 1026 cm°3 in the 1-10 mm range. Therefore, halving
the optical depth by reducing the sodium fraction from 1.0 to 0.5 results
in Pu increasing by U40%. The other sodium and neon lines experience a
similar - through not identical - increase in Pu’ which accounts for the

curves cof Fig. 1.
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c. Implications for DNA Objectives

The atove results show convineingly fthat the K-shell emissivity 2f a
plasma may te increased by =mploying mixtures of elaments of similar atomic
~umber - where tne total mass employed in 2 machine such as 32LACKJACK 5
wou1ld remain the same as Yhat used on a conventicnal single-element snot.
Thwe mecnanism that increases the emissivity is that the optical depths of
each eslement are lgﬁi' allowing more photons out - and twice as many lines
are oresent in the K-shell region. The cnoice of sodium and necn does not
Mean %hat these promising results would be confined to these elements,
Inased, tne physics would be very similar for mixtures such as aluminum-
silicon, magnesium~aluminum, argon-titanium, or calcium-titanium. e
recommend that a4 series of experiments using one or more of the above
mixnuires Dbe carried out Lo test these concepts. Ccneeivadly, the use of
“arse or more =slements could, by further enhancing the pnoton escape and
multiplying the number of X-shell lines, result in even greater increases

in zower cutput than caiculated here for the sodium/neon mixture.
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Na

TABLE I:

IX He

He

XI Ly

IX He

XI Lv

IX He

Ly
He
X1

IX

XI Ly

Ly ¢

Ly ¢

He ¢

Power (Outputs (J/nsec) for Lv a and He a

d = 5.6 nm T, = 400ev, ¥; = 5x10'7 ca

-3

Pure Na 75Na, 25Ne 50Na, 50Ne 75Ne, 25Na  Pure Ne
-— 58. 74. 85. 94,
-— 286. 364. 420. 467.
303. 251. 197. 133. -—
867. 759. 638. 467. -—-
d = 2.8 am T, = 400eV, ¥; = 1020 cn™3
Pure Na  75Na, 25Ne 50Na, 50Ne  75Ne, 25Na  Pure Ne
-— 36. 44, 50. 54,
-— 171. 214. 245, 270.
167. 141, 112. 79. -
480. 423. 357. 268. -—-
d = 1.4 mm, T, = 400eV, ¥y = 1020 ca™3
Pure Na  75Na, 25Ne  50Na, 50Ne  75Ne, 25Na  Pure Ne
-— 14, 18. 20. 22.
-— 68. 85. 97. 106.
63. 53. 43, 31. -—-
183. 159. 134, 100. -—
d=2.8mm, T, = 400ev, Ny = 1019 cn™3 3
= R
.7‘1
._1
Pure Na 75Na, 25Ne 50Na, 50Ne 75Ne, 25Na Pure Ne ®
- 6. 10. 13. 16. ﬁj
-— 29, 45, 57. 66. ]
51. 39, 28. 5. - A
87. 67. 46, 23. -—- e
»l
—
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2.0 x 103
5.6 mm, 400 eV, 5x 109 ¢m —3
1.5%103 |-
_ 2.8 mm, 400 eV, 1020 ¢cm -3
"k
T = 103
U]
x 2
(@]
o
2.8 mm, 250 eV, 102% cm -
5.6 mm, 400 eV, 101\
5 x 102
1.4 mam, 400 eV, 109 em-3 |
2.8 mm, 400 eV, 10"% ¢cm -3
] 1 !
0.0 0.25 0.50 0.75 1.0
FRACTION OF SODIUM IONS
Fig. 1. The total X-shell power vutput in J/nsec from a sodium-neon plasma
1s plotted against fractional abundance of sodium for a range of

indicated plasma conditions. In each case the plasma is assumed to be

a 4% cmlong cylinder with fixed total ion density (sodium plus neon

ions).
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A typical problem mesh zconsists of 22 zones in the R directicn and 12
zones along . Tals relatively coarse grid is dictated at present by botn
mamory and r~un time considerations of the atemic physics model. After
initialization, the 2-2 PRISM 20de w~as run witn the atomic physics pac'2ge
Tarned on.  Altnough, 3t oreseént, nnere 13 no radiation transport in Lae 2-
D runs, As 1 ccmparison, several runs wWere also made without the atomic
chysics model.,

Figure 3 shows density contcurs out to the 95% mass line (i.e., 95% of

tne mass lies inside of the last contour) at 1.12 usec. The 2-D run was
inicialiczea at 1,05 usec. In this figure and in tne figures whicn foilow,
tne wWwavelsngtn, i, 1is 1 cm. The contours are separated logaritnmically by

J.25 or Ty one guarter of a decade. As discussed above, the shell is
roughly 1 ¢m in thickness and can be defined by one full decade (i.e., four
esntour lines) centered near 3.5 cm. The backside has bHegun to snow signs
of an iastadbilisy 3t '.18 uysec as avidenced by the contours near 3 = 3 om
(2=0) in Fig. 4, 3y 1.24 psec, the disturbance nas penetrated to tne
fourtn countowr as 3own in Fig. 5. Figure 6 shows density contours

computad from the mesh at the same time but the contours only 20 out to the

@]

30% mass line. The same quarter decade contour separation in the density
contours nas been used 30 that comparisons can be made. It can be seen
tnat at this time the region near the 80% mass line has only been slightly
perturbed. In rig. 7, the contours are shown just prior to assembly on
axis. Contours are again snown out to the 95% mass line and indicate that
the perturbaticon has gZown significantly at the rear of the snell.
However, tne interinr gortion of the shell, which at this time lies within
P em, 3till remains unperturbed and intact. Figure 8 shows the contours
24t Lo the 30% mass line at this time. At this time, the disturbance nas
penetrated only slightly more into the shell than at 1.24 psec. We would
axpect thnis from Llooking at the 1-D plots in Fig. 2 where it is seen that
2v2n near tre time of impldssion, the regions where rBa and p cross is very
narrow. This 1s cnaracteristic of a "snowplow" implosion where all the
nass of the snell and tne background gas interior to the shell is swept up
2y owne fl2ld. Since tnls effect creates only a narrcw region with large
Zradiancts near the btackside of the shell, tnis has been referred $0 as

"snowplow 3%abilization"., In comparison, Ti3. 9 shows the shell out ts the

48




e Ztie ~ine it ke “Silke Wi Sh iy inSni Sl St i G A e LA AP AN B . - B AN R R

h. Two-Dimensional Implcsion Modeling

An important issue for nigh velocity Z-pinch PRS 1loads i{s the
stability of the plasma shell as it (s accelerated under the action of the
axial magnetic field. In the case c¢f an accelerating shell, the backside

Cl=2 in the region where the density gradient is of opposite sizgn tc
the acceleration., The issues are then twofold: (1) how much of the shell
mass is in tnis unstable configuration; and (2) what is the magnitude of
the growth rate Oof the instability ana how does <this compare to the
implosiaon time, A summary of our results obtained from modeling a
repraesentative load i3 given below. A more detailed description will
fzllow under separate cover.,

The 1oad We have chosen to model is a 120 ugm/cm  argon gas shell

nitialiy at 20 cm and with 2 width of roughly 3 cm. Ten percent of the

[

=3
]

nas iies witain 15 om and represents the background gzas. The current
pulse rises to 3.5 MA at 1 pysec and then drops to a small value by 1.3
usee.,

Ae model=d tnis problem in two steps. First, a 1-D PRISM run was made
4ith all the relevant physics, including radiation transport, turned on.
Second, fthe output from this run was then used to iritialize several 2-D
runs, Tigure 1 shows a plot of several mass radii versus time. The mass
nercentile values indicate how much mass lies inside that mesh line. From
this piot, we can see that the shell does not become fully compressed and
accelerated until about 0.9 usec. This is slightly before peak current.

igure 2 shows density and rB profiles for three separate times. At 1.05

9
usec  tne wiltn »f haif-maximum of the shell s approximately 1 cm. A
density "foot" is seen to extend another 1 cm in front of the shell. The
backside region where the gradients are in opposite directions lies within
1 region less tnan ! oom.

The 2-3 runs were initialized by expanding the 1-D profilss at 12
32l2cred time in the Z-direction and then adding a perturbation which is
centeraed around the density peak of the imploding shell. Symmetry aliows
“e I demain to extend from O to A/2 where A 13 the rgerturbation
Ayvelengin, The gquantity A/}, where A i3 the amplitude of the

certuarzation, Wwis fixed 31t 0.1 for all wavelengths considered,
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GAMBLE II implosion time as a function of mass.
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Fig. 4 — K-line yield as a function of mass for GAMBLE II .
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Fig. 3 — Time history of several mass lines for a 20 ugm/cm GAMBLE II implosion.
Also shown is the time history of the total current, 1.
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Fig. 2 — Density and magnetic field profiles at two separate times
for a 20 ugm/cm GAMBLE implosion.
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Fig. 1 — Density and temperature profiles at two separate times for a 20 ugm/
cm GAMBLE II implosion. The cross-matching indicates the region where
radiation is being absorbed.
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kJ over the 4 cm lengtn. Qverall, the yield values displayed in this
figure overlap tnose given by the experiment. The qualitative picture is
of a peaxing of the yield with mass, followed by a rcllover of the yield
curve, At low mass, the yield is a function of the amount of material
whicnh is available to radiate., At nigher masses {i.e. greater than 20
ugm/cm it Decomes increasingly more difficult to accelerate the shell so
tnat the mass (s driven to lower peak temperatures during the impliosion

process.

The dispersion near the peax yield is due to the fact that at an
aotimum temperature, the yield is sensitive to botn the density at that
temperature as well as the amount of mass,. Since the power goes as the
density squared, the integration over an effective volume and time interval
gives a yiald which is proportional to the average density. Thus, changes
in the average density of roughly 20% can account for the difference
detween the mean yield and ¢ne maximum yield if the temperature is assured
to be constant during the implosion. It should be remembered that the
density changes by roughly two orders of magnitude during the implosion.
Also, we nave ignored important variations due to temperature, opacity, and
otner dynamical effects in the abnve discussion. Therefore, the best that
one can nope for out of a study such as this is a qualitative picture which

quantifies values within a sensitivity range as shown in Fig. 4,

“igure 5 shows the implosion time as a function of mass. Again, a
large number of runs were used in making this plot and a spread of
approximately 10 nsec is seen for a given mass value. The implosion times
fcr masses in the 20 ugm to 35 ugm range are consistent with the values

obtained in the experiment.
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The time nistory of the implosion for several mass radii {s shown in

'y

ig. 3. The current waveform is also snown. A snowplow is seen to develop
t

between 40 nsec and &0 nsec. It is important to note that the plasma is

4

(7]

T
o

[

111 a3t 3C% of 1its 1initial radius at the time of peak current. The
implosion itself occurs at 110 nsec when tne total current i{s substantially
~2duced. Cisassembly occurs rapidly after this time. The shell is within
30% of its initial radius for 30 nsec and this roughly defines the time
span of tne radiation pulse.

Tigure 4 shows the power output as a function of time. Four curves
are snown and represent total yield and K-line yield for the 20 ugm/cm case
Wwith tne radiation transport turned on and with the radiation transport
turned off. There are several salient features in this figure. First, one
notes that in the case without transport, there is siznificant power output
between 40 nsec and 90 nsec. This feature dissappears when the radiation
transport, i3 turned on. Most of tnis radiation comes from the L-shell but
{3 severally inhibited by opacity effects in the case with transport. This
is evidenced by the previously discussed cross-hatcned region that appears

P
n

in Fig. 1.

Anotner feature is the difference in the implosion time and peak power
output between the two cases. Again, these effects can be explained by the
fact that the opacity tends to keep the temperature higher. This tends to
slow down the implosion because of an increased ™"back" pressure pushing
against the inward moving gas shell. The larger K-shell output occurs
because the fraction of the shell which contributes to the radiative yield
during the implosion phase reaches a higher temperature with opacity

effects included.

Figures 4 and 5 show the composite results of roughly 25 computer
~uns. Variations were made in mass (increasing along the horizontal axis
in both figures) as well Aas turning the radiation transport on and off,
adjusting a multiplier on the magnetic field diffusion coefficient, and

varying the initial t2mperature of the plasma.

Tne K-line yield Jisplayed in Fig. 4 shows a peak near 22 pgm/cm with
2 mean vilue of 450 J/cm. Over a 4 cm experimental length, this
corresponds to a total yield of 1.8 kJ. By varying the parameters in the

proper  fasnion, it can be seen that it 1s possible to obtain greater thnan

40




o8 - T ]

P

m:.-,'

8.

L

:, : . Dynamiecs of Imploding Z-Pinch

S

-

iﬂ I. GAMBLE II MODELING

Fn During the past year, we have modeled the Gamble II experiment with =z

& one-dimensional version of our radiation hydrodynamics s3imulation code,
PRISM. This version of the code employs: (1) racdiation transporft where

opacity effects are important, (2) equation of state utilizing non-LTE
atomic physics and (3) an input current wave form 2oupled Wwith a diffusive
2quation for the magnetic field, Be. We have also used the <two-
dimensional version of PRISM to model the later pnase of the implosion near

axis. At present, this version of the code does not transport radiation

and is therefore only valid in the thin limit.

a, 1-D Modeling

The NRL Gamble II neon gas puff experiment has a current risetime of

approximately 65 nsec wWwith a peak current of 1.25 MA. The initial central

radius cof the gas shell formed by the supersonic nozzle is assumed to be
1.25 cm «ith a 3 mm width. Thus, a mass of 20 ugm/cm corresponds to an
initial density of 7.3} ugm/cm3 in the shell. Here we have assumed that

the density inside the shell is ten percent that of the shell.

Figure 1 shows the evolution of a Z-pinch implosion utilizing Gamble
II parameters. Density and temperature profiles are displayed. Two times
are shown corresponding to a time near peak current and a time near
implosion. The c¢ross-hatching under the temperature profile indicates that
tais region is a net absorber of radiation. The effect of this feature is
to help maintain the temperature of the core. Figure 2 shows the same
density profiles with the magnetic field (actually rBe). The sharp gradient

in rB, is due to the fact that the hot core increases the conductivity

(i.e. o-T3/2) and prevents diffusion of the field. It can also be seen
- that the total current, I=g(rBe), nas decreased dramatically at the later
é: time as dictated by the current waveform.
9
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LI\ Slearly, a very gsod fit is obtained for an ion density of Mx10'9 cm” 2
;jﬂ and assumed neon plasma temperature of 165 eV. The other three calculated
[f- outguts clearly demonstrate the sensitivity of these conditions, relative
ﬁ to “he line power outputs produced.
- 1
- A pinched isn density of U4xi90 4 cm'3 with 3 diameter of 1.8 mm implies
- a %otal X-Shell radiating mass is 34 micrograms (ug) per centimeter. The
nozzle puff calculations carried out by NRL's Plasma Technology B3rancn -
suggest total puffed masses of 35-50 ug/cm for this shot. Therefore, thais
oreliminary analysis suggests <that Gamble-II 15 very efficient at
incorporating most of the puffed mass into a K-sheli-radiating pinch. This
is consistent witih the very low L-shell yields that nave Deen observed on
i this shot series. It also contrasts with the previous BLACKJACK 5 and
- PITHON series where, typically, 10-25% of the cold loaded mass ultimately
3 radiated K-shell photons. This very interesting and grcmising preliminary
A result must be further validated by more shot analyses before it can be
L
] accepted as fact.
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IT. GAMBLE-II NEON SPECTRUM ANALYSIS

At this writing, one Gamble-II neon gas puff shot (#2533) spectrum has
been reduced to absolute intensities for the principal K-shell radiating
lines. We have analyzed this spectrum using the collisional-radiative

model described above.

in shot 2533, a total neon K~shell yield of 2.1 kJ was produced. Of
this 2.1 kJ, 680 J appeared in the Ne IX 132-132p1P ("He ") line, and 1040
J appeared in the Ne X 1s-2p line ("Ly a"). Since these lines obviously
dominate the yield, we have concentrated our analysis on reproducing this

power output.

In each case, the pinch is assumed to have a length of 4 cm. A series
of four spectra were calculated, for various assumed temperatures and
densities. The diameter was set equal to 1.8 mm, in accordance with the
pinhole imaging, for all five of these spectral calculations which
attempted to fit the measured power output. The results are summarized in

Table II below.

Table II: Gamble-II Shot 2533, Calculations and Measurements

N1 Te He o power (J/nsec) Ly a power (J/nsec)
ux10'%m™3 175 ev 20 22
6x10'? 160 20 37
6x10'9 170 26 33
ux10'? 165 16 25
Snot 2533 Measured ---=-------- 17 26
37




PROBABILITY

1.0
T =400 eV
N, = 10%® cm™3
= Pa
__(1-Pq) P,
PQ + (1-PQ) Pe I
0.1

0.01—

| ]

0.001 0.01 0.1
DIAMETER {cm)

1.0

Fig. 3. Same as Flg, 2, except the quantities are plotted against

cylindrical plasma diameter for a sodium ion density of 1020 cm—3 a
temperature of 400 eV.
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Fig. 2. The spatially averaged single-flight escape probability P,, the
collisonal photon quenching probability per scattering Pq, and the
approximate analytic ultimate escape probability are plotted against

ion density for a 400 eV cylindrical sodium plasma of diameter 1.4

O mm., Also shown 1s the exact computed numerical ultimate escape
-

- probability P .
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50% mass line where 1little or no disturbance is seen. Thus, a large
fraction of the shell (e.g., greater than or equal to 50%) is seen to
remain intact.

The growth of the backside of the shell is illustrated in #Fig. 10.
The growth rate can be calculated by measuring the difference between the
90% mass lines at Z = 0 cm and at Z = 0.5 cm. Both of these points are
modes which are constrained to move only in the R direction. The
approximately linear growth of the amplitude is apparent in this figure. At
the 95% mass line, the growth of this difference is nearly identical to
that of the 90% mass line. However, at the 30% mass line the growth is
reduced as shown in Fig. 11. This is also apparent in Figs. 6 and 8. The
growth at the 50% mass line is so small that it cannot be accurately
measured from a plot such as this.

The growth rate results are summarized in Fig. 12 for several
wavelengths. A3 discusssed above, the growth rates are calculated by
comparing the radial position of the 90% mass line at Z = 0 and Z = A/2.
A second set of data is shown in which the procedure for running the 2-D
calculations outlined abcve was duplicated except that the atomic physics
packages were turned off in both the 1-D initializing run and in the 2-D
perturbation runs. These runs wWwere made for comparison purposes. The
error bar denotes a typical variance in measuring the growth rate using
data from different time sequences.

The results show that the growth rate peaks near 1 cm. This 1is
approximately the thickness of the imploding shell. At long wavelength,
the growth rate drops off nearly as the square root of A-1. This s the
dependence of the classical Rayleigh-Taylor growth rate for a sharp
boundary between two fluid layers of semi-infinite extent. At 1longer
wavelengths, the shell thickness and, consequently, the gradient scale
lengths are small compared to the wavelength so that this correspondence is
reasonable, The decreasing growth rate at short wavelengths (s alsc a
phencmena which has been seen bDbefore in calculations of Rayleigh-Taylor
instabilities in shells.1 This can be attributed to the fact that the
instability samples only a small portion of the shell as contrasted to the
clasaical case of a sharp interface where the instability "fe;Is" the

entire density gradient.
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The two sets of data points shown in Fig., 12 exhibdit the same
qualitative o2ehavior except that thne peaxk gFgrowth rate is lower and occurs
at a slightly longer wWavelength when the atomic physics is turred off.
3ot of these effects zcan be attributed to the fact that without the atomic
pnysics the thermal energy of the shell and background gas are Aaigher.
onsequently, the pressure is also nigher. This 1imits the compression of
the shell as well 3s the acceleration of the shell. The tnicker shell
accounts for tne shift in the peax growth rate and the lower acceleration
accounts for lowered growth rates since Ycz -/ %a where Ycz is the

slassical gZrowth rate, x .s the wavenumbder, and 3 is the accelaration. A

1 implies a growth period or e-folding

oeak growth rate of 1.5 x 197 sec”
time of 67 nsec. Thus, over tne approximately 300 nsec where one would
2xpect the instability to be active (i.e., the time frame over which the
shell is acceleratad inward), there would be 4.5 growth periods. This
corresponds to an amolitude increse of 90, An initial amplitude of 0.01 cm

would then zrow to 0.9 cm. This growth is dramatically reduced at shorter

wavelengths (i.e., aigh-k) modes. Also, the shell is unstable over only a

small region. Most of the shell is stabilized due to tne snowplow effects
of the magnetic field. The largest fraction of the K-shell radiation can
be expected to come from the dense inner part of the snell which is raised
to the nighest temperatures during the implosion. Therefore, these results
iead one to expect tnat there is minimum degradation in the K-line output
from this effect since it appears that at least S0% or more of the shell

remains intact.
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